Abstract. Fiber optic interferometric refractometers usually possess large temperature sensitivities, especially those based on individual long-period gratings. This work introduces a compound-cavity Michelson interferometer that uses mode coupling in a long-period grating to establish the two optical paths in a single fiber, and therefore presents a compact sensor for in vivo refractive index measurement. Successful operation of the athermal refractometer was demonstrated experimentally by comparing its phase shift due to temperature-dependent changes of the refractive index of the analyte with refractive index readings from a temperature-controlled Abbe refractometer.
Introduction
With some exceptions, 1 existing fiber optic refractometers [2] [3] [4] suffer from several disadvantages that limit their effective operation in practical applications. 5 The most prominent drawbacks of grating-based refractometers are their high sensitivity to temperature fluctuations and the fact that most reported measurements are obtained in transmission. A means of temperature compensation is proposed for use in conjunction with a probe refractometer based on a self-interfering long-period grating ͑LPG͒ operating as a Michelson interferometer 5 ͑where the constituent grating is both a mode converter and 3-dB coupler͒.
Michelson Interferometer
First employed as a high-resolution temperature sensor, 6, 7 the self-interfering LPG structure is manufactured by coating the cleaved end of the host fiber with a reflective metal film at a point beyond the LPG location. Light is guided in both the core and cladding modes after impinging on the LPG, whereupon these modes are reflected at the fiber mirror. When the LPG is encountered once more, a fraction of the optical power in the cladding mode recombines with the fundamental core mode. A phase change 5, 7 exists between the re-coupled core and cladding modes because they experience different optical path lengths ͑due to differing material indices͒. Thus a characteristic fringe pattern is observed in the reflectance spectrum obtained from this sensor configuration, similar to that found in the transmission of a twin LPG cascade. [5] [6] [7] Highly sensitive external refractive index measurements can be performed if the fiber cavity beyond the LPG is immersed in an analyte. External refractive indices only affect the optical path length of the cladding mode 5 -being the product of its propagation length and effective refractive index. Resulting changes in optical path length difference between the core and cladding modes cause phase shifts in the interference fringe pattern. 5 The resolution of this sensor can be increased by creating a longer interferometric cavity 5 ͑whose length is twice the distance L between the LPG and reflective fiber end-face͒.
Various LPG-based Michelson interferometers were constructed and subjected to temperatures between 25°C and 115°C. The resulting reflectance spectra were recorded and their phase shifts obtained using Fourier analysis. Two types of host fiber were used, namely: conventional SMF-28 fiber ͑hydrogen-loaded at 135 bar, 75°C for 48 h prior to grating inscription and annealed at 115°C for up to 20 h after fabrication͒, and B/Ge co-doped PS1500 fiber from Fibercore. Due to differing core dopants, temperatureinduced phase shifts in reflectance spectra of these Michelson interferometers are of opposite polarity, as shown in Fig. 1 . ͑Please note that a negative phase shift corresponds to a positive shift in the interference pattern.͒
Temperature Compensation Technique
Temperature immunity is obtained by creating a compound interferometric cavity: a piece of the second type of fiber is fusion spliced onto the original host fiber beyond the LPG. Thus the desired interferometer cavity length is divided into two fiber sections joined by a splice, as illustrated in Fig. 2 per unit length. For complete temperature compensation, with reference to Fig. 2 , it is therefore desired that:
Compound-cavity Michelson interferometers were manufactured with varying levels of temperature compensation. Figure 3 depicts the phase shifts due to temperature obtained for a long-period grating inscribed in PS1500 host fiber, with several different compound-cavity lengths. The compound-cavity Michelson interferometer containing 107 mm of SMF-28 fiber was used to perform ambient refractive index measurements using prepared solutions of glycerine in water ͑calibrated with temperature-controlled Abbe refractometer readings͒. The athermal nature of this refractometer was demonstrated by immersing the compound fiber cavity of the Michelson interferometer in a 50% concentration solution. This analyte was heated and we recorded the resulting phase shifts in reflectance spectra at 5°C intervals. The equation below was used to calculate the measured refractive index of the analyte as a function of temperature:
where ⌬/⌬n ext is the slope of refractive index characteristics for the 0 to 80% concentration range ͑measured previously at 20°C͒ at the point corresponding to 50% glycerine in water. Phase shifts due to temperature-induced changes in refractive index, ⌬(n ext )/⌬T, could be calculated from the results of the experiment described above.
Values of ⌬n ext /⌬T determined from Eq. ͑2͒ were compared to temperature-dependent Abbe refractometer readings measured for the 50% concentration solution. Both sets of readings appear in Fig. 4 . Numerical gradients of their linear curve fits differ only beyond the fourth decimal place-proof that the temperature-compensated refractometer performs as expected.
Conclusion
This letter presents a novel means of temperature compensation for use in a LPG-based Michelson interferometer. By constructing a compound interferometric cavity from two types of fiber with different temperature gradients, temperature-induced phase shifts detected in reflectance could effectively be eliminated. The athermal probe refractometer readings are highly satisfactory when compared to Abbe refractometer measurements. 
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